Background
Introduction
Overweight and obesity are serious public health problems with an increasing global prevalence. It is becoming increasingly apparent that these statuses increase the risks of various cancers, including those of the pancreas, colon, breast, endometrium, and esophagus [1] , and they are often associated with worse prognoses when cancer occurs. However, overweight or obesity does not adversely affect all types of cancers. In contrast to most other types of malignancies, the incidence of non-small cell lung cancer (NSCLC) is lower in obese individuals [2, 3] . Furthermore, obese patients with NSCLC are reported to have better survival outcomes compared to NSCLC patients of normal weight [4] [5] [6] [7] . This counterintuitive phenomenon, referred to as the obesity paradox, supports the hypothesis that excess energy balance can be protective and associated with improved survival for certain diseases. With regard to this phenomenon, there is recent evidence suggesting that the tumors of obese patients may actually possess less aggressive biological characteristics. In a recent study by Hakimi and coworkers, renal cell carcinomas in obese patients were found to have characteristic gene expression profiles of tumor metabolism that may confer a survival advantage to the patients [8] . The association of obesity with better prognosis in renal cell carcinoma was also shown in a recent meta-analysis [9] .
[ 18 F]-Fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) allows the noninvasive visualization of the metabolic characteristics of tumors in living subjects. Tumor FDG uptake represents the heightened glycolytic metabolism of cancer cells and is widely exploited for cancer detection and staging using PET/CT. In NSCLC, high tumor FDG uptake is associated with greater tumor aggressiveness [10, 11] and poor patient outcome [12, 13] . Given the potential relationship of host energy balance with tumor cell metabolism [14, 15] , it is of significant clinical relevance to assess the tumor cell behavior differs between patients of normal weight and those who are overweight or obese.
Despite the relative wealth of data on the beneficial effects of overweight/obesity and adverse effects of tumor FDG avidity in patients with NSCLC, none of the previous studies examined a potential modifying effect of host energy balance status on tumor cell behavior in patients with early-stage NSCLC. We therefore investigated the interactive effects of tumor FDG avidity and overweight/obesity, measured as body mass index (BMI) in patients with early-stage NSCLC following curative resection.
Patients and Methods

Study Population
This study was approved by the Samsung Medical Center Institutional Review Board and written informed consent was waived. Patient information was anonymized and de-identified prior to analysis. The study cohort consisted of all patients with newly diagnosed, pathologically confirmed early stage NSCLC (stage I, TNM-7 lung cancer staging system), who underwent preoperative FDG PET/CT at our institution from 2008 to 2012. Patients were required to have undergone tumor resection with curative intent and to have a negative resection margin. Patients were excluded if they had received neoadjuvant or adjuvant therapy. A total of 1,197 patients met all inclusion criteria and comprised the study cohort. All subjects were clinically and radiologically followed up according to our institution's protocol. All patients were evaluated with chest CT or FDG PET/CT performed on an alternating basis every six months for two years after surgery. Thereafter, patients made annual visits to the clinic for surveillance, and FDG PET/CT imaging was performed if clinically indicated.
Demographic and clinical characteristics as well as survival data were obtained from medical records and the institutional tumor registry. Tumor histology, pathological tumor size, and tumor invasion status were obtained from surgical pathology reports. BMI was defined as weight divided by the square of height measured at the time of PET/CT imaging. According to the criteria for Asian populations, the definitions of normal weight, overweight and obesity are BMI < 23.0, 23.0-24.9, and 25.0 kg/m 2 , respectively [16] . In this study, patients were strati- 
FDG PET/CT Imaging
Patients fasted for at least 6 h before the PET/CT study. Blood glucose level was measured and was required to be less than 200 mg/dL. Whole-body PET and unenhanced CT images were acquired with arms down for patient comfort using a PET/CT scanner (Discovery STE, GE Healthcare, Waukesha, WI, USA) 60 min after injecting FDG (5.0 MBq/kg). CT was performed using a 16-slice helical CT scanner with 30-170 mAs adjusted to patient body weight at 140 kVp with a 3.75 mm section width. This scan was followed by an emission scan from the thigh to the head at 2.5 min/frame in three-dimensional mode. PET images were reconstructed using CT for attenuation correction with an ordered subset expectation maximization algorithm (20 subsets and 2 iterations) and a voxel size of 3.9 × 3.9 × 3.3 mm. For semi-quantitative analysis, maximum standardized uptake value (SUV) of FDG uptake was measured by manually placing a spherical volume of interest over the primary tumor. Two different normalization methods were used to measure tumor FDG uptake. SUVmax normalized to patient body weight (SUVbw) was used as a more popular index, while SUV normalized to body surface area (SUVbsa) was used as an index that can account for different patient size.
Statistical Analyses
Our primary outcome measure was disease-free survival (DFS), defined as the time between the date of surgery and the first local or distant recurrence of the index lung cancer. Variables for the survival analyses included age at diagnosis, sex, smoking status (never-smoker vs. eversmoker), histological cell type (non-squamous cell carcinoma vs. squamous cell carcinoma), tumor differentiation (well or moderately differentiated vs. poorly differentiated), pathological tumor size, lymphovascular invasion, visceral pleural invasion, type of resection (lobectomy or pneumonectomy vs. limited resection less than lobectomy), BMI (overweight or obesity vs. normal weight), and primary tumor SUV. Univariable Cox proportional hazards models were used to determine the hazard ratios (HRs) for selected potential prognostic factors. A multivariable Cox proportional hazards model was used to assess the potential independent effects of the prognostic variables after adjusting for known risk factors. A stratified Cox regression analysis was also performed to assess the potential modifying effects of BMI. An interaction was assessed by including the cross product of BMI and tumor SUV in a multivariable Cox model, and the Wald test was performed. Associations of clinical features with BMI were tested using Chi-square test (categorical variables) or two-sample t-test (continuous variables). Survival curves were estimated using the Kaplan-Meier method, and the differences between subgroups were compared using the log-rank test. Patients were stratified as high and low tumor SUV groups using an optimal cutoff based on maximally selected rank statistics [17] . All tests were two-sided, and P-values less than 0.05 were considered significant.
Results
The characteristics of our cohort of 1,197 patients (708 males and 489 females; mean age, 62 years; range, 16-89 years) are summarized in Table 1 . Clinical characteristics and tumorrelated variables were also compared with subjects categorized according to BMI. There were no significant differences between BMI groups in age, sex, smoking status, T stage, tumor size, SUVbw, histologic cell type, tumor differentiation, lymphovascular invasion, or visceral pleural invasion. There was a significant difference in tumor SUVbsa between low and high BMI groups (Table 1) . Kaplan-Meier analysis of the entire cohort demonstrated significantly improved survival in patients with higher BMI and lower tumor SUV (Fig 1) .
During a median follow-up duration of 30 months, a total of 145 tumor recurrences (19.8%) and 19 patient deaths occurred. In univariable survival analysis, age, tumor differentiation, pathological tumor size, lymphovascular invasion, visceral pleural invasion, tumor SUVbw, and overweight/obesity were significant prognostic factors for DFS (Table 2 ). In multivariable Cox regression analysis after adjusting for all potential prognostic variables, lymphovascular invasion (HR, 2.34; 95% CI, 1.68-3.27; P < 0.001), visceral pleural invasion (HR, 2.25; 95% CI, 1.55-3.27; P < 0.001), overweight/obesity (HR, 0.59; 95% CI, 0.43-0.81; P = 0.001), and tumor SUVbw (HR, 1.72; 95% CI, 1.43-2.07; P < 0.001) were significantly associated with DFS (Table 2) . Tumor SUVbsa was also a significantly associated with DFS (HR, 1.69; 95% CI, 1.40-2.04; P < 0.001; S1 Table) .
We examined the potential modifying effect of BMI on the relationship between tumor SUVbw and patient survival (Table 3 ). There was a significant modifying effect of BMI (P for interaction < 0.001 in multivariable analysis). High tumor SUVmax (> 5) was more strongly associated with worse DFS in normal weight patients (HR, 4.72; 95% CI, 2.77-8.06; P < 0.001) than in overweight or obese patients (HR, 2.61; 95% CI, 1.58-4.31; P < 0.001). The differential effects of tumor SUVbw and BMI status on DFS were also observed in Kaplan-Meier analyses (Figs 2 and 3) .
Discussion
In patients with stage I NSCLC who underwent curative resection, we found that overweight or obesity was independently associated with better DFS, whereas high tumor FDG uptake was independently associated with worse DFS. We found a possible modifying effect of BMI on the relationship between tumor SUV and patient survival. High tumor SUV was more strongly associated with worse DFS in normal weight patients than in overweight or obese patients.
Overweight or obesity is linked to more adverse rather than better outcomes in patients with many different cancers [1, [18] [19] [20] . This result has been explained by the increased circulating insulin and insulin-like growth factor (IGF) levels that promote cancer growth in obese subjects [21, 22] . In addition, overweight or obesity results in a higher level of adipocytederived leptin, which promotes cell proliferation, and a lower level of adiponectin, which may have anti-proliferative effects. Other possible mechanisms include the effects of fat cells on tumor growth-regulating pathways, low-level inflammation that stimulates tumor growth, and altered immune responses due to obesity [23, 24] . Despite such diverse ways in which overweight or obesity can adversely influence cancer survival, our overweight and obese patients had a significant survival advantage. Several studies have reported a similar inverse relationship between BMI and lung cancer prognosis [4] [5] [6] [7] . Our results extend the beneficial effects of overweight or obesity to patients with early-stage NSCLC undergoing curative resection. NSCLC, non-small cell lung cancer; HR, hazard ratio; CI, confidence interval; SUVbw, maximum standardized uptake value normalized to body weight In our results, tumor-related variables such as tumor size, tumor SUV, histologic cell type, tumor differentiation, lymphovascular invasion, and visceral pleural invasion were not significantly different according to BMI status. Thus, it is unclear why a normal energy balance status strengthened the link between high tumor glucose metabolism and patient outcome. A possible explanation is a host-tumor interaction between host energy balance status and tumor glucose metabolism, which may modify tumor cell behavior. It is tempting to postulate that malignant cells with a higher glycolytic rate in normal weight patients are more sensitive to tumor promoting signals or are more aggressive than in overweight or obese patients, which might be derived from molecular changes induced by the host energy balance status. However, this speculation requires further investigations for clarification.
Nonetheless, our results have significant clinical implications. First, they demonstrate that tumor FDG uptake is a useful prognostic indicator of early-stage NSCLC, in addition to lymphovascular and visceral pleural invasion status. Secondly, normal weight patients with high tumor FDG uptake have a high risk of recurrence following curative resection and require closer follow-up. Although adjuvant treatment for stage I NSCLC after curative surgery with a negative resection margin is not generally indicated, our findings may help to identify highrisk patients who could benefit from adjuvant chemotherapy following surgery [25, 26] . Finally, a better understanding of how energy balance status and tumor glucose metabolism potentially interact provides insight useful for developing novel metabolism-targeted cancer treatment strategies.
The limitations of this study include its retrospective nature and the lack of tumor biology data such as gene mutation and expression as well as laboratory data regarding serum IGF1, insulin, and adipocyte-derived leptin levels. Our patients were all Asians, who differ in body composition and overweight/obesity criteria from Western populations. According to the criteria for Asian populations, we stratified the patients into two BMI groups, overweight or obesity (BMI 23.0 kg/m 2 ) and normal weight (BMI < 23.0 kg/m 2 ) [16] . We combined overweight and obese patients into a single group because there was no survival difference between obese (BMI 25.0 kg/m 2 ) and overweight (BMI 23.0-24.9 kg/m 2 ) patients (P = 0.805). The number of patients who were underweight (BMI < 18.5 kg/m 2 ) or severely obese (BMI 30 kg/m 2 ) was too small for separate analysis of additional categories. Therefore, caution is required when applying our results to other ethnic groups. In addition, simple measurement of FDG uptake using SUV has several limitations compared to more sophisticated quantitative techniques, including susceptibility to influence by various factors. Normalization methods can also affect estimates of FDG uptake. For instance, normalization to body weight can lead to underestimation of FDG uptake in normal weight patients and over-estimation in overweight or obese patients. In our study population, we observed similar prognostic values for SUVbw and SUVbsa. However, it should be noted that normalization to body surface area can be a better choice under certain circumstances [27] 
Conclusions
Tumor FDG avidity is an independent predictor of adverse outcome in patients with earlystage NSCLC, and this prognostic value was strengthened in normal weight patients than in overweight or obese patients. These results suggest that host-tumor interactions between host energy balance status and tumor glucose metabolism play an important role in the outcome of early-stage NSCLC. Further study is needed to better understand the underlying mechanism.
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